Abstract. Simulations in automotive industry need more advanced material models to achieve highly reliable forming and springback predictions. Conventional material models implemented in the FEM-simulation models are not capable to describe the plastic material behaviour during monotonic strain paths with sufficient accuracy. Recently, ESI and Corus co-operate on the implementation of an advanced material model in the FEM-code PAMSTAMP 2G. This applies to the strain hardening model, the influence of strain rate, and the description of the yield locus in these models. A subsequent challenge is the description of the material after a change of strain path. The use of advanced high strength steels in the automotive industry requires a description of plastic material behaviour of multiphase steels. The simplest variant is dual phase steel consisting of a ferritic and a martensitic phase. Multiphase materials also contain a bainitic phase in addition to the ferritic and martensitic phase. More physical descriptions of strain hardening than simple fitted Ludwik/Nadai curves are necessary. Methods to predict plastic behaviour of single-phase materials use a simple dislocation interaction model based on the formed cells structures only. At Corus, a new method is proposed to predict plastic behaviour of multiphase materials have to take hard phases into account, which deform less easily. The resulting deformation gradients create geometrically necessary dislocations. Additional micro-structural information such as morphology and size of hard phase particles or grains is necessary to derive the strain hardening models for this type of materials. Measurements available from the Numisheet benchmarks allow these models to be validated. At Corus, additional measured values are available from cross-die tests. This laboratory test can attain critical deformations by large variations in blank size and processing conditions. The tests are a powerful tool in optimising forming simulations prior to larger scale industrial validation.
INTRODUCTION
For single phase materials the description of plastic behaviour is described on a level of accuracy that limit strains in sheet metal forming processes can be predicted adequately [2, 3, 5, 7 8] . At present, a considerable amount of automotive parts with a structural function are made from dualphase and multiphase steels. The basics to describe plastic material behaviour needs to incorporate a new type of strain hardening model which takes account for the deformation gradients on microscale due to presence of phases of different strength [1] . A model is proposed to incorporate this effect of stain gradients as an add-on in the existing single phase strain hardening models.
The plastic material models are applied here in sheet metal forming simulations. The first step is the prediction of forming limits. Under the assumption plastic instability is the basic failure mechanism, the material model is adapted for the Forming Limit Curves (FLC) in such a way that predicted curves coincide with the measured ones. This adapted material model is used in the simple case of axisymmetric punch stretching, aiming on the predicition of limit strains at different friction conditions. Finally the limit strain prediction is validated on results of a cross die test [6] 
PLASTIC MATERIAL BEHAVIOUR A strain hardening model for dualphase steel
The basis for the strain hardening model is described by the following equation: = exponent with a value of 0.5-1 taking the decrease of the dislocation cell diameter with dislocation density into account y ÷ ρ 0.5/n' = dislocation density parameter, with ρ = dislocation density
The hardening model for single-phase material is based on the Bergström model [3] with a modification proposed by van Liempt [5] . Statistical dislocations interaction is based on formation of the cell structure.
In dualphase steels a strain gradient between relatively soft ferritic phase and a hard martensitic phase resulting in formation of geometrical necessary dislocations (GND's) [1] . As a first simplification, it is assumed here that no plastic deformation occurs in the hard phase.
ε = plastic equivalent strain Ω = parameter describing annihilation and remobilisation of dislocations β = parameter describing change of shape of dislocation cells at large deformations Q ÷ f/r = parameter describing the rate of forming of geometrical necessary dislocation in the soft phase between the undeformable hard phase; f is the volume fraction hard phase and r is the average distance between the hard-phase particles
Usually the availability of data at large strain is too small so for fitting the strain hardening at large strains we linearize the exponential function using the first terms of a Taylor series expansion.
For single phase materials Q has a zero value, so we obtain y by direct integration of equation (2) and making use of a linearisation of the exponential function after the integration:
ε 0 = pre-deformation parameter describing the initial dislocation density; this parameter is also necessary to start the differential equations This model has been described in previous papers from the authors [7, 8] . Such an analytical integration is not possible for non-zero values of Q.
However it is known that in dual-phase materials deformation occurs in this hard phase, particularly if the volume fraction is larger than 30%. Experiences with finite element calculations to model multiphase steels demonstrate that the deformation rate in the hard phase saturates to a certain value at high strains [4] . It means that the deformation gradient between the soft and hard phase still exists and as a consequence thedensity of the geometrically necessary dislocations will increase. A way to describe this effect is making the parameter Q dependent on the strain or on the total dislocation density.
To complete the model strain rate is included in the σ yo -term of equation (1) The effect of the parameter, Q, on the stress strain curves, has been plotted using parameters derived for a DP600 grade (Figure 1 ). Additionally we use a parameter θ log to describe work hardening rate. This parameter is more convenient than using the work hardening rate and is defined as:
n = momentary n-value which is a function of strain An increasing value of the parameter Q results into higher work hardening rate at low strains (<0.1), but at high strains the amount of work hardening is lower. This type of behaviour has been observed often for dual-phase steels.
Yield locus description
For the yield criterion, we used the Corus-Vegter model recently implemented in the simulation code PAM-STAMP 2 G from the firm ESI. This yield criterion is based on four mechanical tests. A yield locus is constructed using the data of these test (i.e. stresses and the deformation vector for each direction) by Bezier interpolation (Figure 2 ). Fourier series for each basic point from Figure 2 are used for the interpolation over the different angles with respect to the rolling direction. The data of the tests is given relatively to the flow stress in the rolling direction. This flow stress is obtained by the strain hardening law in the previous chapter.
FIGURE 2. Corus Vegter yield criterion using Bezier interpolation between data of four mechanical tests

Material data
The strain hardening model proposed has been applied on a DP600-grade. This grade has been compared with a single phase steel grade with of medium high strength, H340LAD. Using data from tensile tests in the rolling direction, which is the reference for strain hardening in most FEM-packages for forming simulations, the constants in equations 1-5 are derived Besides tensile testing in 0°, 45° and 90°, we made plane strain tensile tests in 0°, 45° and 90° and the compression test on the sheet plane. From these tests yield loci parameter are derived. The shear point values were estimated using the R-values in the uni-axial points. Experimentally determined shear points are available in the near future by improving the shear test in such a way that continuous stress-strain curves can be derived under this condition.
In Figure 3 , the fitted stress-strain-curves are plotted for both the DP600 and the H340LAD and compared with measured data of the tensile test at 0°. In the modeling of the strain hardening curve, the yield point phenomenon for H340LAD has been neglected. To demonstrate the difference between both materials the strain hardening parameter θ log has plotted as a function of equivalent strain too. DP600 -material has a higher strain hardening at low strain level but at medium high strain level, ranging from 0.2-05 the strain hardening is lower. This is just the area were plastic instability occurs, which is directly related to the momentary n -value (=θ log /σ f ). As a consequence of the low amount of strain hardening for H340LAD, the flow stress σ f is lower resulting into higher nvalues than those for DP600 in the strain region from 0.12 and higher. This is the main reason for the higher level of the FLC for H340LAD compared to DP600 in the plane strain region and and at negative values of the minor strain. σ sh = shear stress σ un = uni-axial stress R = r-value; influences tangent of the yield locus in the uniaxial point σ ps = plane strain stress α ps = parameter (value 0-1) determining the vertical position of the plane strain point σ bi = equi-biaxial stress Planar isotropic yield loci are plotted in Figure 4 using the Corus-Vegter model (indicated with the addition "original" in the legend). The constants were obtained by averaging over the data measured at three different directions. A small difference exists between the yield loci for both steel qualities. The plasticity model has been applied used for FLCcalculations using the Marciniak Kuczinsky (MK)-theory. This calculated FLC has been compared with measured FLC's. Initially, a planar anisotropic yield criterion was used, but this approach was too extremely dependent on the sheet anisotropy in biaxial stress states. For this reason, a planar isotropic model (Figure 4) is applied for this analysis. If we look to the results indicated by "initial" in Figure 5 we observe a large difference particularly in the equi-biaxial region for both materials. Both materials limit strains are over-estimated in this region.
For this reason the plasticity model has been adapted for the measured FLC. The finally recalculated yield locus is plotted in Figure 4 indicated by "adapted", resulting into the "optimised" FLC's in Figure 5 . One has to keep in mind that this solution is used within the frame-work of the present plasticity models. Other causes like development of damage particularly in the bi-axial region can become relevant, because failure occurs at large deformations and increased tri-axiality of the stress. This is not investigated in this moment, but is one of the future subjects. Four parameters were adapted: -An initial thickness defect which is necessary to make the MK-analysis run; an initial defect of 0.001 has been used. -An equi-biaxial pre-strain before the actual strain path occurs; FLC tests are made by the Nakazima test where strips of different widths are stretched over a hemispherical punch. A fluent change-over from this equi-biaxial pre-strain is proposed. -The ratio of the plane strain stress and the equibiaxial stress of the yield criterion; both the plane strain stress (σ ps ) and the equi-biaxial stress (σ bi ) were adapted while maintaining the mean value of these two stress points -The vertical position of the plane strain point (parameter α ps )
Hemispherical punch stretching simulations
The material model adapted for the measured FLC is applied for hemispherical punch stretching over a punch with a diameter of 75 mm. An axi-symmetric finite difference model is used for reasons of simplicity. It predicts the onset of necking in a natural way; it is the point that deformation concentrates in a certain cell-point in a very distinct way. The first time step this concentration occurs is assumed to be the instability strain. From that particular time step deformation occurs under nearly plane strain conditions. By changing of the coefficient of friction (COF), different strain states are imposed for occurrence of plastic instability. In Figure 6 A,B the thickness strain distributions are plotted over the original blank position (from the punch pole to the die region) at various values for the COF. The point of maximum thinning (minimum negative thickness strain) is considered to represent the state of plastic instability. This strain distribution is influenced by a combination of the tool geometry (hemispherical punch), material model (both strain hardening and yield locus shape) and friction. The DP600-material allows more stretching over the punch area at the same friction conditions than the H340LAD, because of the larger difference between the plane strain strength and the equi-biaxial strength From the points were instability occurs, the strain path evaluation is followed by plotting the major strain against the minor strain in a FLD (Figure 7 A, B) for the steels DP600 and H340LAD. It is clearly visible that these strain paths are not completely proportional. Depending on the value of the COF the strain path starting under a bi-axial condition is tending to a plane strain state to the instability point. The interesting point is whether the values of the limit strains defined from the simulations coincide with the measured FLC. One would expect this by the adaptation of the material properties to the measured FLC. This seems to be valid under conditions more close to plane strain (here represented by a high COF's). At the biaxial state, the FLC seems to be too conservative for the two materials. One could also say that under strain states close to balanced bi-axial state no distinct plastic instability occurs. Comparison of the two materials shows that for this type of stretching products the plane strain state is less likely to occur in DP600. In general one can say that the updated material model works well to predict forming limits in this stretching operations.
Failure behaviour in the cross die tests
As an experimental validation case of the usefulness of the measured FLC, the onset of necking in the cross die tests [6] has been used. As shown in Figure 8 A, B the steels DP600 and H340LAD fail on a different place on the product. Usually failure occurs in punch area as indicated in Figure 8 B for the H340LAD-steel. The DP600 fails in the inner corner of the die radius region. By variation of blank size, blankholder force and friction conditions it was impossible to change the failure position. For this reason the maximum possible product height was 40 mm for DP600, while the product height at failure for the H340LAD was 60 mm.
A: DP600 B: H340LAD FIGURE 8 A, B. Onset of necking in the cross die test for steels DP600 and H340LAD (indicated by the ellipses on the product)
For understanding of the origin of this unexpected failure behaviour strains were measured at the inner die radius on gridded products at different stages of the forming process. The strain results of the points at both sides of the crack were averaged. The measured points were plotted in Figure 7 A, B. It is clearly visible that for DP600 strains are beyond the FLC. The results of H340LAD are just over the limit and it tends to fail. Just after reaching this limit strain, the strain path is changing in this region due to flow of material from the die region to the vertical wall (not visible in Figure 7 ). This work will be continued by simulations using the FEM-code PAMSTAMP 2G which enables the use of material description proposed here.
CONCLUSIONS
Corus has developed a new strain hardening model based on the development of dislocation cell structure and a term for the creation of geometrically necessary dislocations. This model describes hardening curves for a dualphase steel grade DP600 adequately.
A material model with the proper strain hardening description and a yield locus adapted for the measured FLC describes the onset of necking in simulation of axisymmetric punch stretching of high strength steel grades in good agreement with the measured FLC. The simulated strain path created in such a case demonstrates a behaviour which can be transferred directly on the measured behaviour in critical regions of more complex forming parts (here a cross die test).
